Abstract As part of our research efforts in the area of titanium-based antitumor agents, we have investigated the cytotoxic activity of [Ti 4 (maltolato) 8 (l-O) 4 ], (Cp-R) 2 TiCl 2 and (Cp-R)CpTiCl 2 (R = CO 2 CH 3 and CO 2 CH 2 CH 3 ), and three water-soluble titanocene-amino acid complexes-[Cp 2 Ti(aa) 2 ]Cl 2 (aa = L-cysteine, L-methionine, and D-penicillamine)-on the human colon adenocarcinoma cell line, HT-29. The capacity of [Ti 4 (maltolato) 8 (l-O) 4 ] to donate Ti(IV) to human apo-transferrin and its hydrolytic stability have been investigated and compared to the previously reported data on modified titanocenes with either hydrophilic ancillary ligands or the functionalized cyclopentadienyl ligands. Notably, the titanium-maltolato complex does not transfer Ti(VI) to human apo-transferrin at any time within the first seven days of its interaction, demonstrating the inert character of this species. Stability studies on these complexes have shown that titanocene complexes decompose at physiological pH while the [Ti 4 (maltolato) 8 (l-O) 4 ] complex is stable at this pH without any notable decomposition for a period of ten days.
Introduction
The discovery of a metallocene-based anticancer agent, Cp 2 TiCl 2 , in 1979 by Köpf and Köpf-Maier stimulated much interest in investigating other non-platinum complexes with different mechanisms of antineoplastic activity [1] [2] [3] [4] [5] [6] . Titanocene dichloride (Scheme 1) possesses cytotoxic properties that protect against a wide variety of cancer tumors, including Ehrlich ascites tumor, B16 melanoma, colon 38 carcinoma, and Lewis lung carcinoma, and exhibits less toxic effects than cis-platin [1] [2] [3] [4] [5] [6] . The major drawback of titanocene dichloride is its lack of hydrolytic stability at physiological pH [7] . As a result, many of its mechanistic details are unknown, which hinders its use as a chemotherapeutic agent.
Modification of ligands in titanocene dichloride is an active area of research since, among the metallocenes, titanocene dichloride is the most effective species [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . As mentioned previously, the lack of hydrolytic stability has hampered its use as a chemotherapeutic drug because the chemical nature of the active species is unknown. Therefore, structure modification through the replacement of the chloride ligands by other ancillary ligands, particularly hydrophilic ligands, and the functionalization of the cyclopentadienyl rings will change the electronic and steric effects of the titanocenes, and can modify their antineoplastic activity. For example, the incorporation of polar electron-withdrawing groups on the Cp ligand affords titanocene species with a stronger Ti-Cp bond and a more electrophilic titanium center. These structural modifications would cause an increase in the Lewis acid character of the Ti(IV) center, leading to metal complexes with good binding properties to DNA and/or serum proteins such as transferrin. This last characteristic has been implicated in the delivery of Ti(IV) to cancer cells [22, 23] . On the other hand, this increased Lewis acid character could result in a decreased hydrolytic stability and, if the Ti(IV) is not coordinated by a carrier/stabilizing protein or molecule, could lead to the oligomerization of the titanocene species. The net result of this is the subsequent inactivation of the Ti(IV) complex [7] . Lately, we have been investigating other types of Ti(IV) complexes with bi-and multidentate oxygen ligands in order to produce more robust species at physiological pH and to circumvent the abovementioned problems [24, 25] .
Our research in this area has focused on modifying the titanocene dichloride structure by replacing the chloride ligands with biologically important molecules (amino acids, thionucleobases) [19, 20] , or by functionalizing Cp rings [21] . In addition, a new inorganic titanium complex has been synthesized which is hydrolytically stable at and and above physiological pH [24, 25] . In the case of [Cp 2 Ti(Oamino acid) 2 ]Cl 2 , aa = L-cysteine(II), L-methionine(III), and D-penicillamine(IV), see Scheme 2, the amino acid ancillary ligands make their titanocene complexes more water-soluble. The functionalization of Cp ligands with polar groups (R = CO 2 CH 3 and CO 2 CH 2 CH 3 ) produces titanocenes with low aqueous solubility [21] .
On the other hand, the [Ti 4 (maltolato) 8 (l-O) 4 ] complex (see Fig. 1 ), in which Ti(IV) is coordinated to six oxygen atoms, is stable up to pH 8.4 [24, 25] -rather high when compared to Cp 2 TiCl 2 , which gets hydrolyzed at pH values of around 5.5 with subsequent precipitation [7] . We have investigated the cytotoxic properties of [Ti 4 (maltolato) 8 (l-O) 4 ] and modified titanocene complexes on the colon adenocarcinoma cell line (HT-29) in the presence and the absence of transferrin in order to determine structureactivity relationships.
Experimental

Materials and methods
Human apo-transferrin (98% pure, cell-culture tested, T2036 grade), was purchased from Sigma (St. Louis, MO, sodium bicarbonate. Both the MTT and the Triton X-100 used for the cytotoxic assay were obtained from Sigma. All MTT manipulations were performed in a dark room.
Ti
Physical measurements
1 H and 13 C NMR spectra were recorded on a 500 MHz Bruker Avance spectrometer under controlled temperature. Chemical shifts are referenced to TMS or TSSP. UV-vis spectroscopy measurements were recorded on a doublebeam Lambda BIO 20 Perkin Elmer spectrophotometer thermostated at 25°C. The system is interfaced with a 586 Nokia Computer System and the spectral handling was carried out using WinLab Software (Perkin Elmer). Mass spectral data was obtained on a Bruker Daltonics Esquire 6000. The complexes were dissolved in a mixture of water/ methanol (1:1) prior to mass spectral analysis. The positive electrospray ionization mode was used during the MS experiment.
UV-vis spectroscopy titrations (for the binding interactions) were performed on 1.1-1.2 9 10 -5 M solutions of human apo-transferrin in 10 mM NaCl/25 mM NaHCO 3 /100 mM Tris buffer at pH 7.4. The concentration of apo-transferrin was determined at 280 nm (e 280 93,000 4 ] at 25°C were used for the binding studies. Aliquots of 2.9-5.8 lL of [Ti 4 (maltolato) 8 (l-O) 4 ] were added sequentially to the apo-transferrin and to the reference cell (to correct for background/absorption interferences associated with the complexes). UV-vis spectra were recorded 60 min after the addition of [Ti 4 (maltolato) 8 (l-O) 4 ] for the titration or every 10 min for three days for kinetic experiments. The pH of the resulting solutions was measured, and no significant change from pH 7.4 was observed. Dilution factors were considered when calculating both the transferrin and the titanocene concentrations.
Stability studies were carried out under a nitrogen atmosphere at 25°C. Solvents (D 2 O and doubly distilled and deionized H 2 O) were deoxygenated using a sparger and pre-purified nitrogen. NMR samples were prepared by transferring the weighted amount of the Ti complex into a 5-mm NMR tube and the solvent was added to form solutions of 1 9 10 -2 M. The procedure was performed under an atmosphere of nitrogen, either in the glove box or using a double-manifold vacuum line. A sealed capillary tube containing TPPS was inserted into the NMR tube in order to ensure that the external reference would be isolated from the complex solution, thus avoiding possible secondary reactions with the complex.
Cytotoxic assay
Biological activity was determined using the MTT assay originally described by Mossman [30] , but using 10% Triton in isopropanol as a solvent for the MTT formazan crystals [31] . Asynchronously growing cells were seeded at 1.0-1.5 9 10 4 cells per well in 96-well plates containing 100 lL of complete growth medium and allowed to recover overnight. For the assays in which transferrin was not present, various concentrations of the complexes (2-1,400 lM) were dissolved in 5% DMSO/95%. Medium was added to the wells (eight wells per concentration; experiments performed in quadruplicate plates), and cells were incubated for an additional 70, 94, or 118 h. For the assays in which transferrin was present, the original DMSO solution (into which the complexes had been dissolved) was slowly added to the corresponding amount of complete growth medium (supplemented so that it contained transferrin at a concentration equivalent to the final 5% DMSO/ 95% medium solution). The maximum transferrin concentration in the cell medium before supplementation was approximately 3 9 10 -7 M. This concentration was calculated after dilution of 1:100 in the complete growth medium (assuming that all of the beta globulin concentration (0.26 g dL -1 ) present in the FBS F4135 from Sigma belongs to transferrin). The concentration of apotransferrin added to the cell medium ranged from 2 to 1,400 lM, according to the drug (dose) concentration. For instance, if the drug concentration in the medium was 1,400 lM, the transferrin concentration in the cell medium was 1,400 lM. Transferrin was diluted from a concentrated (spectrophotometrically determined) stock solution in PBS. This solution of the complex in the presence of transferrin was allowed to stand for the time required for the complete stripping of the Ti(IV) center and the subsequent uptake by transferrin (10 min for Cp 2 TiCl 2 and the functionalized cyclopentadienyl complexes, 60 min for amino acid complexes), which had been determined previously [20, 21] . Although it is known that the [Ti 4 (maltolato) 8 
complex does not transfer Ti(IV) to transferrin, it was also allowed to stand for 1 h prior to dosing the plates. After this time, MTT dissolved in complete growth medium was added to each well for a final concentration of 1.0 mg mL 
Results and discussion
The syntheses of the titanocenes and titanium-maltolato complexes were reported previously [20, 21, 24, 25] . In addition, there are previous studies reporting the biological activity of modified titanocenes in different cell lines [8, 10-13, 21, 26-29] , and there are reports regarding the ability of the Ti(IV)-transferrin complex to enter cells via the transferrin-receptor [22, 23] . But, to the best of our knowledge, this is the first report on the capacity of human transferrin to modify the cytotoxic activity of titanocenes and titanium-maltolato complexes on colon cancer cells.
Stability studies
Stability studies were performed on [Ti 4 (maltolato) 8 4 , tetramer) dissociates to some extent to form cis-Ti(maltolato) 2 (OH) 2 (monomer) in a ratio of 7:1 (tetramer:monomer). The identities of the monomeric (at low pH) species and tetrameric (at high pH) species were characterized by 1 H NMR and MS spectroscopies. As previously stated, the tetramer is the predominant species at high pH ( [7) , while the monomeric species predominates at low pH (\7), but none of the species degrade in aqueous solution at physiological pH.
The solid-state single-crystal X-ray analysis of [Ti 4 (maltolato) 8 4 ] has been discussed in detail in a previous publication [24, 25] and will not be discussed here. Bonding parameters are included in the ''Electronic supplementary material.'' Only a few highlights are emphasized. First, we observed that [Ti 4 (maltolato) 8 4 ] is a tetranuclear species with a Ti(IV) metal center coordinated by two chelating maltolatos and two bridging oxygens, in a pseudo-octahedral coordination geometry. Given that Ti(IV) is surrounded by six oxygens in the coordination sphere, this species is very stable in aqueous solution at high pH. Evidently, as discussed in the UV-vis spectroscopic titration section, this species is unable to donate Ti(IV) to apo-transferrin. Second, the maltol rings between adjacent titanium are coplanar, adopting a partially eclipsed configuration, and are separated by about 3.7 Å . This feature may be responsible for the cytotoxic activity as discussed below.
(l-O)
We have previously reported stability studies of titanocene dichloride and [Cp 2 Ti(O-amino acid) 2 ]Cl 2 , aa = L-cysteine(II), L-methionine(III), and D-penicillamine(IV) complexes [20] . With regard to the ancillary ligand loss, these complexes have half-life times that ranged from 8.26 to 473 min, while for the Cp loss the t 1/2 values ranged from 1.07 9 10 3 to 6.6 9 10 3 min. This clearly demonstrates the labile character of these species with regard to [Ti 4 (maltolato) 8 (l-O) 4 ]. The aqueous stability of titanocene dichloride with functionalized cyclopentadienyl (Cp-R) 2 TiCl 2 and (Cp-R)CpTiCl 2 , R = CO 2 CH 3 and CO 2 CH 2 CH 3 was not investigated due to their low solubility in water.
UV-vis spectroscopic titrations (for the binding interactions): Ti(IV) intake by apo-transferrin protein
A study was performed on Ti(IV) intake at iron-binding sites by human apo-transferrin. Our study was accomplished using electronic absorption (UV-vis) spectroscopy that utilized a Tris buffer solution containing bicarbonate, which acted as a synergistic anion. The objective of this study was to understand how the ligands surrounding Ti(IV) affect human apo-transferrin intake.
The binding of metal ions to the specific iron-binding sites of transferrin is commonly monitored by electronic absorption spectroscopy [20] [21] [22] [23] . The coordination of metal ions by the phenolic groups of tyrosine residues located at the specific iron-binding sites of apo-transferrin produces two new absorption bands at 240 and 295 nm. These two absorption bands are attributed to the deprotonation and subsequent coordination of the tyrosine residues to the metal ion. In addition, when Ti(IV) is loaded into apo-transferrin, it produces a band at 321 nm that is attributed to ligand-to-metal charge transfer (LMCT).
The titration of human apo-transferrin (apo-Tr) with increasing amounts (aliquots) [Ti 4 (maltolato) 8 (l-O) 4 ] did not yield any of the characteristic absorption bands at 240, 295, or 321 nm in the UV difference spectra. At first, the transferrin was allowed to react for 60 min with the complex, since the time to reach equilibrium for Cp 2 TiCl 2 and functionalized cyclopentadienyl titanocene dichlorides is about 2-10 min, whereas equilibrium for the titanoceneamino acid complex is reached in 45-60 min [20, 21] . Since the [Ti 4 (maltolato) 8 (l-O) 4 ] complex has a coordination sphere containing six oxygen ligands, it is not surprising that this complex is more stable than the titanocenes. Therefore, longer reaction times were utilized.
The interaction of transferrin with two molar equivalents of [Ti 4 (maltolato) 8 (l-O) 4 ] was allowed to react for three days, recording a full UV-vis spectrum every 10 min. The pH of the resulting solution was not altered after this period of time, and remained at 7.4, but the reaction did not proceed, and the absorption bands at 240, 295, and 321 nm were not observed. After the transferrin was allowed to react with the complex for a seven-day period, the changes in the 321 nm band were less than 0.1% of the original absorbance value. Thus, the oxygen-rich octahedral coordination environment makes a robust Ti(IV) complex, and the ligand-stripping process and the subsequent transfer of Ti(IV) to human apo-transferrin seems to be thermodynamically as well as kinetically unfavorable. Thus, there is a striking difference between [Ti 4 (maltolato) 8 (l-O) 4 ] and the titanocene complexes with regard to the intake of Ti(IV) by apo-transferrin protein.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (for cytotoxicity analysis on the colon cancer cell line, HT-29)
The cytotoxicities of the functionalized titanocene, the titanocene-amino acid, and the titanium-maltolato complexes on the human colon cancer cell line, HT-29, were measured using a slightly modified MTT assay [30, 31] . Titanocene dichloride and the functionalized cyclopentadienyl complexes were re-tested in concentrations that ranged from 120 to 2,500 lM at 72 h [21] . Since titanocene dichloride has a longer intracellular activation period, it is usually tested at a time interval of 96 h, as was done in our study. Table 1 summarizes the IC 50 data for the titanocene complexes. There was increased cytotoxic activity at 96 h for titanocene dichloride and both carboethoxy-functionalized cyclopentadienyl titanocenes [being higher for the (Cp-COOCH 2 CH 3 )(Cp)TiCl 2 complex], but the carbomethoxy-functionalized complexes remained inactive at 2 ]Cl 2 Na Na Na -concentrations below 0.9 mM. All titanocene-amino acid complexes were shown to be inactive at time intervals of 72 and 96 h, at concentrations below 0.7 mM. These complexes are more soluble in water than the parent complex, titanocene dichloride, with comparable aqueous stability to Cp 2 TiCl 2 ; in addition, they are able to donate Ti(IV) ions to transferrin. Thus, it is unclear why they did not show biological activity against the HT-29 cell line. The titanium-maltolato complex was evaluated at time intervals of 72, 96, and 120 h to determine its optimal cytotoxic activity (Fig. 2) . The complex displays its highest level of activity at 96 h, showing an IC 50 value of 1.5 9 10 -4 M, followed by 2.4 9 10 -4 M at 120 h, and 2.8 9 10
-4 M at 72 h (see Table 1 ). At all three time intervals [Ti 4 (maltolato) 8 (l-O) 4 ] was the most active species of all of the titanium complexes that were investigated in this study. By contrast, this complex is unable to donate Ti(IV) ions to human apo-transferrin.
To study the role of transferrin in the cytotoxicity of these titanium complexes, we decided to retest both the titanocenes and the titanium-maltolate complexes, this time in a transferrin-enriched environment. The aim of these studies was to determine whether the presence of transferrin in a dose-equivalent concentration could stabilize the Ti(IV) ion, deliver it to the cells, and, perhaps, increase the cytotoxic activity against the HT-29 cell line. The titanocene dichloride, the carbomethoxy-functionalized titanocenes, [Cp 2 Ti(amino acid) 2 ]Cl 2 and the titanium-maltolato complexes were added to the cells in the presence of transferrin at a concentration equivalent to that of the Ti(IV) complex. Both the carbomethoxy-functionalized and the amino acid complexes remained inactive at concentrations below 0.5 mM. This rules them out as potential chemotherapeutic agents, at least for the HT-29 cell line. Both the titanocene dichloride and the titanium-maltolato complexes retained their IC 50 values (Fig. 3) , raising the issue of whether transferrin is a biologically favored route for Ti(IV) to exercise its toxic effect. While it cannot be generalized that transferrin is not a favorable route in Ti(IV)-based complexes for potential therapeutic use, it is highly probable that transferrin only has a stabilizing role in a hydrolytically hostile environment, such as plasma. In addition, the Ti(IV) that can enter the cell by transferrin-mediated transport will be ''naked'' and still prone to hydrolysis. The desired stabilizing role can be achieved by selecting the appropriate set of donors in polydentate ligands.
Colon cancer cells typically show resistance to many cytotoxic drugs. In addition, titanocene dichloride is not very active in colon cancer cells and it is hydrolytically unstable [2, 6] . Therefore, [Ti 4 (maltolato) 8 (l-O) 4 ] represents a new type of Ti(IV) antineoplastic agent that possesses hydrolytic stability and a higher level of cytotoxicity than titanocene dichloride.
Our cytotoxic studies of the HT-29 cancer cell line have shown that the titanocene-amino acid complexes and the carbomethoxy-functionalized titanocenes have a lower or minimal activity compared to the titanocene dichloride and the titanium-maltolato complexes. In addition, transferrin is not a biologically favored route for these complexes to express their cytotoxic effect in HT-29 cells.
Concluding remarks
In this study, we have presented the aqueous stability, the properties of binding to human apo-transferrin, and the cytotoxicity on the HT-29 cell line of a hydrolytically stable Ti(IV) complex [Ti 4 (maltolato) 8 (l-O) 4 ] and compared it with series of modified titanocene complexes. While all titanocene complexes donate their Ti(IV) ion to human apo-transferrin, the presence of this protein in the cell medium does not enhance their cytotoxic activities in HT-29 cells. The titanium-maltolato complex, by contrast, showed a level of cytotoxic activity that exceeds those of titanocene dichloride and (Cp-COOEt) 2 TiCl 2 and (Cp) (Cp-COOEt)TiCl 2 but is still unable to donate Ti(IV) to apo-transferrin. All of the complexes which were inactive, in addition to titanocene dichloride and the maltolato, were evaluated in a transferrin-enriched environment, but this did not result in increased activity in any of the complexes studied. Of all the complexes studied, the titaniummaltolato complex is the most stable in water, being hydrolytically stable at and above physiological pH; it is also the most cytotoxic.
[Ti 4 (maltolato) 8 (l-O) 4 ] belongs to a prototype of coordination compounds with antitumor activity such as [Ti(phenyl-3,4-methyl-4-benzoylpyrazolon-5-ato) 2 (l-O)] 4 [32, 33] and the monomeric counterpart [Ti(maltolato) 2 (OH) 2 ] to budotitane, cis-diethoxybis(1-phenylbutane-1,3-dionate)titanium(IV) [34] . Interestingly, while budotitane hydrolyzes extensively, making it unclear which species is biologically active, the titanium-maltolate complex overcomes such complications. On the other hand, [Ti(phenyl-3,4-methyl-4-benzoylpyrazolon-5-ato) 2 (l-O)] 4 has low solubility in water and must be administered encapsulated in liposomes [33] . [Ti 4 (maltolato) 8 (l-O) 4 ] is soluble and hydrolytically stable in water and buffer solutions at a pH of 7.4, circumventing the above complications.
It has been proven that the asymmetry of the b-diketone is responsible for the antitumor activities of these compounds [30, 31] . Likewise, in [Ti 4 (maltolato) 8 (l-O) 4 ], the maltolate ligand possesses the asymmetry needed for antitumor activity. It is particularly interesting that while several stereoisomers exist for budotitane complex, we have been able to isolate only one stereoisomer. In addition, the maltol rings of adjacent titaniums in [Ti 4 (maltolato) 8 (l-O) 4 ] adopt an eclipsed configuration and are separated by 3.7 Å . Thus it seems likely that these rings could intercalate between DNA bases (p-p stacking) and another possible mechanism of action could be invoked for [Ti 4 (maltolato) 8 (l-O) 4 ] that does not involve transferrin as a transport agent for Ti(IV) into the target place. At the present time, this issue is uncertain but deserves to be investigated in great detail.
Finally, the antitumor activity of [Ti 4 (maltolato) 8 (l-O) 4 ] raises a question about the role of transferrin. In this regard, transferrin may be important in protecting the titanium center from hydrolysis, but this could also be achieved by selecting ligands that result in hydrolytically stable, yet active, complexes.
